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Abstract. This paper presents a sensor system to predict behavior patterns that occur when patients leave
their beds. We originally developed plate-shaped sensors using piezoelectric elements. Existing sensors such
as clip sensors and mat sensors require restraint of patients. Moreover, these sensors present privacy problems.
The features of our sensors are that they require no power supply or patient restraint. We evaluated our system
using a basic experiment to predict seven behavior patterns. We obtained a result of predicted behavior patterns
related to bed-leaving using only six sensors installed under a bed. Especially, our system can correctly detect
behavior patterns of lateral sitting, which is a position that occurs when a patient tries to leave from the bed,
and terminal sitting, which is the position immediately before bed-leaving. They were discerned from other
behavior patterns.
1 Introduction
According to the National Population Census 2010 in Japan,
the aging rate of the country is 23.1% (NPC, 2010). This rate
implies that Japan has entered a super-aging society, which
is deﬁned as the rate of the number of people aged over 65
yr old is greater than 20 percent of the total population. A
report of National Institute of Population and Social Security
Research estimated that a quarter of Japanese residents will
be more than 65 years old in 2015 (IPSS, 2012). Along with
the longevity of the society, labor shortages will become se-
vere, especially at nursing-care facilities (Knokuchi, 2008).
Few caretakers must care for numerous patients. For this sit-
uation, caretakers monitor patients inadequately, especially
during sleep at night (Yamada et al., 2010). One approach to
this problem is to use bed-leaving sensors that signal when
patients leave from their beds. They can be used to prevent
falling from their beds. The number of hospitals and nursing-
care facilities using these sensors has increased (Imaizumi et
al.,2010;Matsudaetal.,2003).Table1presentsexistingsen-
sors to be used actually. We compare features of these sen-
sors related to cost, detection speed, accuracy, privacy, and
restrictiveness.
Actually, clip sensors are the lowest-cost sensors that can
be introduced easily. This is a simple sensor attached to
a patient’s clothing (Tatsumi et al., 2007). According to
protection of human rights, the usage of clip sensors has
been prevented recently because it requires constraint of the
wearer. For the performance of clip sensors, malfunctions
and anomaly detections occur frequently because of the bi-
nary response, ON or OFF, used to detect bed-leaving be-
haviors. Regarding the reliability and perspective of manage-
ment, clip sensors are insuﬃcient to prevent falling from a
bed completely. Moreover, accidents caused by binding of
the neck in a cable have been reported (Tatsumi et al., 2007).
We regard clip sensors as inadequate for use at clinical sites,
although it is easy to introduce them at low cost.
Recently, mat sensors are widely used as a low-cost and
convenient sensors that can be installed easily (Kondo et
al., 2006). Haruyama et al. developed an alarm system to
detect patients leaving from their beds using mat sensors
(Haruyama et al., 2006). Medical and welfare suppliers re-
leased various mat sensors installed on a ﬂoor, a bed, or on
rollinghandrails.Matsensorsusedonaﬂoorareunnecessary
for authentication for medical devices under the pharmaceu-
tical law. Regarding the performance of detection, a problem
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Table 1. Comparison of characteristics of existing bed-leaving sensors.
Sensor type Cost Timing Accuracy Privacy Restriction Reference
Clip Low (up to $100) Fast Low High Yes Tatsumi et al. (2007)
Bed mat Low (up to $200) Fast Low (70.1%) Low No Kondo et al. (2006)
Floor mat Low (up to $200) Slow (after standing) Low Low No Haruyama et al. (2006)
Handrail Low (up to $300) Fast Low Low No Haruyama et al. (2006)
Camera High Fast High High No Seki et al. (2002)
Infrared High Fast High High No Hirasawa et al. (2008)
Supersonic High Fast High (95.1%) High No Shimizu et al. (2009)
Strain gauge High Fast High (99.0%) Low No Uezono et al. (2010)
of a delay remains because of the response after sitting at the
end of the bed, although such sensors are easy to produce
and to sell. Moreover, sensor responses are apparent when
medical staﬀ members such as a nurse or a medical doctor
walk on the mat. To distinguish the responses of patients and
medical personnel is a challenging problem for signal pattern
recognition. Sensors rolled over handrails not only obstruct
a view of a bed, but also present a risk of removal of a sen-
sor when a patient ﬁnds it and feels negatively about being
restrained. Furthermore, false detection occurs when patients
leave their bed without gripping a handrail. Mat sensors in-
stalled on a bed can detect bed-leaving with higher reliability
than other mat sensors. However, existing mat sensors are
actuated by a binary response similar to that for clip sensors.
Early detection is not realized, especially in the initial stage
of bed-leaving behavior.
Large-scale systems using numerous sensors of various
types have been proposed for prediction at the initial stage
to measure behavior patterns in detail. Shimizu et al. pro-
posed a bed-leaving detection system using ultrasonic array
sensors (Shimizu et al., 2009). They evaluated their system
at a hospital as a demonstration experiment. Hirasawa et al.
proposed a method to expose infrared rays to the upper part
of the bed as a system to prevent falling accidents (Hirasawa
et al., 2008). Uezono et al. proposed a large-scale monitoring
system for detecting bed-leaving behavior patterns using 96
strain gauges assigned for a reticular pattern (Uezono et al.,
2010). These large-scale sensor systems can realize higher
accuracy and more stable detection than low-cost sensors,
such as clip sensors or mat sensors, can. However, these sen-
sors are not put into practical use because of their cost. More-
over, high expenditures are necessary to replace a bed or for
construction for installation whenever these systems are im-
proved for practical use in a market.
Using a camera as a bed monitoring sensor can provide
a low-cost system. Moreover, it can obtain much informa-
tion for a subject. However, it is a challenging task to predict
behavior patterns obtained from images, even when state-
of-the-art computer vision technologies are used. For this
method, medical staﬀ members must observe images di-
rectly. It is impossible to monitor numerous subjects simul-
taneously with a few operators. Moreover, we must consider
aspects of human rights and quality of life (QOL). Espe-
cially, it is impossible to recognize behavior patterns related
to bed-leaving using only sensor responses, even when de-
tailed analyses are conducted, because behavior patterns dif-
fer among people (Seki et al., 2002). Moreover, monitoring
using a camera imposes a mental load on patients because
they feel as though they are under surveillance all day and all
night.
For solving these problems, this paper presents an non-
restraining sensor system using piezoelectric ﬁlms. We aim
at reducing the amount of data used for predicting and min-
imizing incorrect recognition given the minimum number of
sensors employed. Our sensor requires no electric power for
detection because it uses piezoelectric elements. Moreover,
we developed an integrated system to send data obtained
from sensors between a capturing device and a monitoring
terminal computer using a close-range wireless module. We
developed a microcomputer board in the device to remove
noise from sensor data. We evaluated our proposed system at
an environment that represents a clinical site. We obtained a
result to determine and to predict seven behavior patterns re-
lated to bed-leaving. Moreover, we obtained a decision rule
of bed-leaving from histograms for actual application to a
clinical site.
2 Proposed sensor system
2.1 Sensor
High-performance and functional sensors of various types
were used for existing bedside monitoring systems for target-
ing expensive care or medical treatments (Haruyama et al.,
2006; Shimizu et al., 2009; Hirasawa et al., 2008; Uezono et
al., 2010). In contrast, we designed a system providing low
costanduser-friendlinessforpracticaluse.Ouroriginallyde-
veloped plate-shaped sensors can be installed easily under a
bedsheet.
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Figure 1. Design structure of prototype sensor.
10 mm
Figure 2. Overview photograph of prototype sensor.
As a prototype, we developed a sensor using piezoelectric
ﬁlm DT2-028K/L by Measurement Specialties Inc. Table 2
presents speciﬁcations of the DT2-028K/L ﬁlm (Measure-
ment Specialties Inc., 2009). We ﬁxed a piezoelectric ﬁlm
between two polyethylene terephthalate (PET) plates of lam-
inated polyester. The polyester and PET plate sizes were, re-
spectively, 125 µm and φ70×0.5 mm. Figures 1 and 2 re-
spectively depict the design structure and an overview photo
of our prototype sensors.
Output voltage is generated from the bent piezoelectric
ﬁlms when a subject transfers body weight on the bed. This
sensor can measure recursively because the reference poten-
tial is oﬀset when the bending stops. Moreover, the strength
of weight according to changes of the body is obtainable lin-
early because the bend of the piezoelectric ﬁlm and output
voltage has a relation of proportionality. Furthermore, piezo-
electric ﬁlms are less troublesome and provide no false op-
erations because they have simple wiring without electric
power supply for measurements. Additionally, we can pro-
vide a low-cost system requiring no maintenance related to
replacement of a battery.
2.2 System structure
Figure 3 portrays the entire structure of our sensor system
that we originally developed for this study. Our system com-
prises six plate-shaped sensors installed on the bed and a mi-
croprocessor board that can obtain output voltage from each
Table 2. Speciﬁcations of Piezoelectric ﬁlm DT2-028K/L (Mea-
surement Specialties Inc.).
Parameter Value
Minimum impedance 1.0×103 Ω
Output voltage 10 mV–100 V
Stress constant (g31) 216 mV ms−1
Capacity 380 pFcm−2
Young’s modulus 2–4×106 Nm2
Voltage resistance 80 Vµm−1
Tension strength (TB) 140–210×103 Nm−2
Tension strength (TY) 30–55×103 Nm−2
stretch strength (S B) 2.5–4.0%
stretch strength (S Y) 2.0–5.0%
Operating temperature 0–70 ◦C
Pillow
Partition
2
1
4
3
5 6 Handrail
A/D
memory MPU
ZigBee
Bed
Assignment of sensors
Signal (6 channels)
Sensor board
Handrail
Figure 3. Block diagram of our system and assignment of sensors
on a bed.
sensor for sending to a monitoring terminal computer. The
output voltage is generated from these sensors when piezo-
electric ﬁlms are bent to receive body weight changes with
movements of a subject caused by rolling or rising on a bed.
The assignment of six sensors is S1 and S2 for the shoulder
part, S3 and S4 for hip part, and S5 and S6 for the terminal
part. We assigned these six sensors referring to the literature
related to the development of a monitoring system for users
of welfare care beds (Imaizumi et al., 2010; Matsuda et al.,
2003).
For this assignment, a subject is available on the bed if re-
sponses from S1, S2, S3, and S4 are given alternately. In this
case, the system can recognize that a subject is sleeping or
rolling on the bed. In contrast, the system can detect a sub-
ject attempting to try to leave from the bed when responses
are given from S5 or S6. Moreover, the system judges that a
subject left from the bed completely if no sensor gives any
response. This is the boundary to determine complete leav-
ing or estimated leaving. Moreover, it can be estimated that a
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(b) Sensor boards (a) Whole system
Figure 4. Photographs of our experimental environment, micropro-
cessor board, and monitoring tool.
subject becomes unconscious if no sensors has any response.
Both are severe situations. We consider that our system can
provide attention to a nurse or a medical doctor if our sys-
tem is combined with a hospital information network system
such as a nurse call network.
The primary feature of our system is that it realizes moni-
toring using non-restraining sensors. We consider QOL for a
patient to live life normally. Our system requires no supervi-
sion using infrared cameras or constraining sensors such as
clip sensors. Moreover, we can create a low-cost system us-
ing piezoelectric ﬁlms as sensors that can function with little
trouble or missed operations, and with remarkable character-
istics for pressure resistance.
Figure 4b depicts the exterior of our capturing board
equipped with a microprocessor and a wireless module. This
board obtains output voltage from each sensor for wireless
communication. For this study, we developed this board us-
ing Open Source Hardware ArduinoFIO. With consideration
of power consumption, we used short-range wireless com-
munication standard ZigBee communicated with a monitor-
ing terminal computer. The input of this board is four chan-
nels. We used two boards for six sensors.
We set thresholds for measurement values from each sen-
sor to reduce the communication traﬃc and the total amount
of useless data for bed-leaving prediction. Moreover, we de-
veloped a function to analyze monitoring data as behavior
logs. We originally developed software to recognize posi-
tions or movements of a subject from output patterns in each
sensor used for monitoring by a terminal computer.
2.3 Detection and recognition algorithms
The target behaviors for recognition or prediction of bed-
leaving consist of three patterns: sleeping, attempted leav-
ing, and complete leaving. For this study, we also attempt to
classify detailed behavior patterns from the responses of six
sensors. The behavior of sleeping consists of three patterns:
upside sleeping, left-side sleeping, and right-side sleeping.
The behaviors of attempted leaving consist of three patterns
(Mogi et al., 2011). The ﬁrst behavior pattern is the status of
sitting on the bed to the longitudinal side. For this position,
(1) Normal sleeping (2) Rolled right side
(3) Rolled left side (4) Longitudinal sitting
(5) Lateral sitting (6) Terminal sitting
(7) Leaved
Figure 5. Behavior patterns for detection and recognition of bed-
leaving.
(1)
(2)
(3)
(4) (5) (6) (7)
Sleeping Trying to leave Leaved 
Figure 6. Status transition in respective behavior patterns.
subjects are trying to rise from the bed. We designate this as
longitudinal sitting. The second behavior pattern is the sta-
tus of sitting on the bed to the lateral side. For this position,
subjects are trying to move to the terminal of their bed after
turning the body from longitudinal sitting. We designate it
as lateral sitting. The third behavior pattern is the status of
sitting on the terminal of the bed. For this position, subjects
are trying to leave the bed. We designate it as terminal sitting.
The decision target for this study is to produce seven patterns
with the status of complete leaving.
For the recognition of these behavior patterns, we set
thresholds of fuzzy values and a deﬁnite value to the output
voltages from sensors. Our system automatically calculates
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the number of fuzzy values from a histogram. For output re-
lated to changes of local parts of the body, a piezoelectric
ﬁlm generates voltage proportionally according to the weight
of loading. Moreover, the number of deﬁnite values is cal-
culated automatically from the histogram in the case where
body weight is used because high voltage is output. The fol-
lowing are the decision criteria combined with fuzzy and def-
inite values of each sensor.
1. Normal sleeping. In this status, a subject is sleeping on the bed
normally to the upper side of the body. The decision criteria are that
the responses of S1, S2, S3, or S4 have intermittent outputs more
than fuzzy values, whereas S5 and S6 installed near the terminal of
the bed have no response.
2. Rolled right side. In this status, a subject is rolling over to the
right side. The decision criteria are the responses of S1 and S3 in-
stalled on the right side of the bed, which reach the thresholds of
deﬁnite values.
3. Rolled left side. In this status, a subject is rolling over to the
left side. The decision criteria are the responses of S2 and S4 in-
stalled on the left side of the bed, which reach the thresholds of
deﬁnite values.
4. Longitudinal sitting. In this status, a subject is sitting longi-
tudinally on the bed after rising. The decision criteria are the re-
sponses of S3 and S4, installed on the hip of a subject, which reach
the thresholds of fuzzy values.
5. Lateral sitting. In this status, a subject is sitting of the lateral
of the bed after turning the body from the longitudinal position.
The decision criteria are the responses of S3 and S4 and S5 and S6,
installed on the terminal of the bed, which reach the thresholds of
fuzzy values.
6. Terminal sitting. In this status, a subject is sitting of the termi-
nal of the bed trying to leave the bed. The decision criteria are that
the responses of S1, S2, S3, and S4 have no outputs, and that S5 and
S6 reach the thresholds of deﬁnite values.
7. Leaved. This status is determined as a subject leaving from the
bed. Alternatively, a subject is unconscious. The decision criterion
is that no sensor has any output.
Figure 6 portrays the status transitions in each pose. In the
status of longitudinal sitting, subjects have no direct path for
bed-leaving.Theywillreturntonormalsleeping.Inthestatus
of lateral sitting, subjects will move to leave from their bed
because they move to turn the body to the terminal. There-
fore, our system must determine the status of the lateral sit-
ting immediately for the prediction of a subject leaving the
bed. Moreover, our system rings an alarm immediately if a
subject moves their behavior to the status of longitudinal sit-
ting. We consider that our system can protect patients from
injury or accidents caused by falling from bed, judging by
their status before bed-leaving.
(1) Normal sleeping (2) Rolling right side
(3) Rolling left side (4) Longitudinal sitting
(5) Lateral sitting (6) Terminal sitting
(7) Leaved
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Figure 8. Frequency distributions of fuzzy and deﬁnite values in
respective behavior patterns.
Table 3. Thresholds of fuzzy values and ﬁnal values in respective
sensors [V].
Sensor S1 S2 S3 S4 S5 S6
Fuzzy Value 1.0 1.0 1.0 0.5 0.2 0.2
Deﬁnite Value 2.0 2.0 2.0 1.0 0.5 0.5
3 Experimental results
We created an experimental environment similar to a clinical
site for evaluation of our developed sensor system. The sub-
ject is a man in his 50s. We obtained datasets of 10 iterations
of stimuli to conﬁrm the reproduction of responses. Figure 5
depicts images related to each status. The person shown in
this ﬁgure is a subject for this experiment. The subject re-
peated each status according to the order shown in Fig. 6.
Herein, the action period in each status is 20 s. The sampling
rate is 50Hz.
Figure 7 depicts time-series transitions of output voltages
in each status. Subsequently, we calculated histograms of
fuzzy values and deﬁnite values to set thresholds in each
channel. Table 3 shows thresholds that we used for this
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Figure 7. Time-series changes of the sensor output in respective behavior patterns.
experiment. We optimized these thresholds based on results
of our preliminary experiments of 10 times. Figure 8 depicts
histograms of fuzzy deﬁnite values and in each status.
1. For the status of normal sleeping, deﬁnite values were
not apparent from all sensors; fuzzy values were appar-
ent on S2 and S3. We considered that fuzzy values are
generated by slight diﬀerences of body pressure accord-
ing to the sleeping status. Moreover, we considered that
the reason for a lack of output from S1 and S4 are inﬂu-
ences of the setting of thresholds or the sampling inter-
vals we used for this experiment.
2. For the status of rolled right side, fuzzy and deﬁnite val-
ues were apparent on S1 and S3, which were installed
the left side of the bed. We consider that output voltage
reached a deﬁnite value because the body weight was
concentrated to the lateral side of the body. The fuzzy
value can be recognized twice on S2. We consider that
this eﬀect results from body movements.
3. For the status of rolling to the left side, fuzzy and def-
inite values were apparent on S2 and S4, which were
installed on the right side of the bed. This result shows
steady responses because other sensors had no output.
4. For the status of longitudinal sitting, output values were
apparent on S3 or S4 installed under the hip of a sub-
ject. Other sensors had no output. This result shows the
possibility of prediction of a subject to rise and to sit on
the longitudinal of the bed.
5. For the status of lateral sitting, fuzzy values were ap-
parent on S1, S2, S3, and S4. The status of this position
can be recognized from the output of these four sensors,
although deﬁnite values were not apparent because of
the distribution of the body weight, detected as pres-
sure. This status is the most important to achieve early
detection of bed-leaving.
6. Forthestatusoftheterminalsitting,theoutputsoffuzzy
values and deﬁnite values were apparent on S5 and S6.
J. Sens. Sens. Syst., 2, 27–34, 2013 www.j-sens-sens-syst.net/2/27/2013/H. Madokoro et al.: Prediction of bed-leaving behavior using non-restraining piezoelectric sensors 33
The fuzzy value and deﬁnite value from both sensors
were, respectively, eight and two times. This result can
be inferred as indicating that the subject tried to exe-
cute bed-leaving because the number of outputs of both
values are numerous compared with other status. The
terminal position immediately before leaving from the
bed is a state for a subject required an emergency re-
sponse to prevent injury or accidents. We consider that
our system can detect this position certainly as the most
important position among six positions.
7. After leaving the bed, our system can determine bed-
leaving because no sensor had output values. Herein,
thediﬀerencebetweenthisstatusandthestatusofsleep-
ing on the upper side in (1) can be recognized from the
distribution of fuzzy values. We consider that this sta-
tus signals a high emergency state similar to the termi-
nal status. This result means that our method achieved
steady detection of bed-leaving.
4 Discussion
To detect the status of a subject with long-term and continu-
ous monitoring, we must detect which behaviors in the basic
six poses corresponded to a dataset of time-series measure-
ments. From the experimentally obtained result, no fuzzy or
deﬁnite value on S5 and S6 was observed as a feature in the
status of sleeping or rolling of a subject. Moreover, both val-
ues showed a distribution according to the status of longitu-
dinal sitting after rising or aiming to bed-leaving from lateral
sitting to terminal sitting after turning the body to the lateral
side. Therefore, we speciﬁcally examined the boundary be-
tween attempted leaving and complete leaving for analysis
of monitoring data. Consequently, we can realize reduction
of the total amount of measured data and protection of false
recognition. We regard this is the trigger point that is useful
to predict bed-leaving through monitoring.
For prediction of bed-leaving, we obtained a result from
Fig. 8 to show a markedly diﬀerent distribution between the
distribution of the histogram of sensors and behavior pat-
terns in the case of the sitting of a subject near the terminal
of the bed. For complete leaving, we consider that our re-
sults present the possibility of comparative and steady judg-
ments compared with expensive sensors because of a lack of
fuzzy response and deﬁnite values from all sensors. Com-
pared with the prediction system proposed by Uezono et al.
(2010), which used 96 sensors of bending gages, our system
can realize detection and prediction of six behavior patterns
of bed-leaving only used six sensors: one-sixteenth the num-
ber used in their system.
5 Conclusions
Thispaperpresentedannon-restrainingsensorsystemtopre-
dict behaviors of bed-leaving. We developed a prototype of
plate-shaped sensors using piezoelectric ﬁlms. Moreover, we
developed a monitoring system consisting of microprocessor
boards with wireless modules for collecting data from sen-
sors. According to the seven classiﬁed behavior patterns used
to predict bed-leaving, we developed decision algorithms
from the distribution of histograms. We evaluated our sys-
tem at an experimental environment constructed in reference
to a clinical site. As a result, our system can recognize behav-
ior patterns from the histograms of fuzzy and deﬁnite values.
Especially, we were able to detect salient behavior features
of lateral sitting when trying to leave and terminal status for
leaving from the bed compared with other behavior patterns.
Moreover, we obtained results enabling us to discern sleep-
ing on the bed with rolling to the left and right side.
For our future work, we must detect behaviors that trigger
our system. We must also combine our sensors with other
sensors such as acceleration sensors. Moreover, we will ob-
tain steady detection to expand the application range of our
method to increase the number of subjects. We would like
to apply our system to clinical information network systems
such as nurse call networks and electric medical records.
Moreover, we would like to apply our system to care facil-
ities or single senior homes for security and safety observa-
tion that maintains QOL and privacy together.
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